The healthy intestine is characterized by a low level of oxygen and by the presence of large bacterial communities of obligate anaerobes. Dysbiosis of the gut microbiota has been reported in patients suffering from inflammatory bowel diseases (IBDs), but the mechanisms causing this imbalance remain unknown. Observations have included a decrease in obligate anaerobes of the phylum Firmicutes and an increase in facultative anaerobes, including members of the family Enterobacteriaceae. The shift of bacterial communities from obligate to facultative anaerobes strongly suggests a disruption in anaerobiosis and points to a role for oxygen in intestinal dysbiosis. Proposals to evaluate this hypothesis of a role for oxygen in IBD dysbiosis are provided. If this hypothesis is confirmed, decreasing oxygen in the intestine could open novel means to rebalance the microbiota and could provide novel preventative or therapeutic strategies for IBD patients in whom current treatments are ineffective.
Introduction
Inflammatory bowel diseases (IBDs) include Crohn's disease (CD) and ulcerative colitis (UC) that occur in the distal ileum or colon. The gut microbiota representing the commensal bacteria inhabiting the gastrointestinal tract have a central role in the pathogenesis of IBD, in combination with genetic loci of hosts that present risk factors for inflammation in the gastrointestinal tract. The commensal bacteria are associated with the induction, perpetuation and reactivation of IBD through an altered interaction with the host, triggering inappropriate immune reactions (Xavier and Podolsky, 2007) . Dysbiosis of the gut microbiota has been reported in patients suffering from IBDs, but the mechanisms causing this imbalance remain unknown. The hypothesis proposed in this article is that an increase in oxygen tension in the gut is the cause of the dysbiosis in IBD patients. This hypothesis is based on the combination of the physiological anaerobic conditions of the distal intestine in healthy individuals and the microbiological features of the dysbiosis of gut microbiota observed in IBD patients.
Gut microbiota in health
The gastrointestinal tract is germ free at birth and is then colonized sequentially by a myriad of microorganisms. The sequence of events that lead to the succession of species colonizing the human large intestine has been reviewed by Mackie et al. (1999) and Adlerberth and Wold (2009) . In the 'classical' pattern of colonization in infants, the initial step involves facultative anaerobes such as Escherichia coli and Enterococcus. The colonization of the gastrointestinal tract by facultative anaerobes occurs immediately after birth in an intestinal environment where the redox potential (Eh) is high or electropositive (Grutte et al., 1965) . The increase in facultatively anaerobic bacteria caused the consumption of the available oxygen, which produces a reduced environment that favors the arrival of obligate anaerobes a few days after birth. The Eh associated with the concentration of oxygen then decreases to a low level, as observed in the large intestine of healthy adults (Lind Due et al., 2003) . The oxidation-reduction state has been proposed to participate in the resistance to colonization of the gut by creating a physiological environment that is inhibitory to competitors and potential intestinal pathogens. Meynell (1963) elucidated the role of Eh and fatty acids in the antibacterial mechanisms in the gut of mice. He reported that Eh in the large intestine of untreated mice was about À 200 mV. After a treatment with streptomycin, the level of fatty acids decreased and the redox state shifted to þ 200 mV, concomitant with an increase in the Salmonella population. In healthy adults, the distal part of the gastrointestinal tract is characterized by a low level of oxygen tension and usually harbors large communities of obligate anaerobes: 10 7 À 10 8 g À 1 in the distal ileum and 10 9 À 10 11 g À 1 in the colon. Most of the bacteria of the gastrointestinal tract have not yet been cultured ex vivo, due in part to their anaerobic physiology or sensitivity to oxygen; those that have been cultured require long and laborious techniques (Duncan et al., 2007) .
Over the last 15 years, the composition of the gut microbiota in healthy humans has been explored by culture-independent techniques (Sekirov et al., 2010; Lozupone et al., 2012) and further described by metagenomic analysis (Qin et al., 2010) . Analyses of the gene encoding 16S ribosomal RNA by pyrosequencing have identified no more than 10 phyla in the microbiota. The two dominant phyla, Firmicutes and Bacteroidetes, representing 90% of the gut bacteria, are mainly obligate anaerobes. At a lower taxonomic level, up to a thousand species are generally present in one individual. Metagenomic analysis has revealed, within the interindividual variation, the presence of fewer than 60 species shared among individuals. These species represent the core gut microbiota. In a study of colonic samples from different countries (Arumugam et al., 2011) , three clusters of hosts were described and identified as enterotypes. The microbiotas of these enterotypes vary in species and genetic composition but are not specific to countries or continents. The enterotypes may represent groups of humans that will respond differently to drug treatment or nutrition. Wu et al. (2011) reported an association between long-term dietary patterns and two of the enterotypes. The definition of the enterotypes, however, has recently been questioned (Yong, 2012) , the bacterial communities of the gut microbiota forming more a spectrum rather than belonging to distinct groups.
Gut microbiotic dysbiosis in IBD
The gut microbiota in patients with IBD and in healthy individuals have been compared to determine whether microbiotic signatures were associated with IBD, in particular if groups, species, strains, genes or even bacterial epitopes could be associated with the diseases. Imbalance of the gut microbiota, or dysbiosis, was observed in samples from CD and UC patients (Seksik et al., 2003; Sokol et al., 2006 , Swidsinski et al., 2007 Sartor, 2008 , Sokol et al., 2008 . A reduction in the diversity of the phylum Firmicutes was repeatedly observed, that is, fewer species of this phylum of obligate anaerobes were present in IBD patients (Ott et al., 2004; Manichanh et al., 2006; Frank et al., 2007) . In agreement with this reduction in diversity, a metagenomic analysis revealed that the microbiota of IBD patients had 25% fewer genes than the microbiota of healthy individuals (Qin et al., 2010) . The metaproteomic approach further demonstrated a depletion of proteins and functional pathways (Erickson et al., 2012) . Within the phylum Firmicutes, a decrease or even the disappearance was reported for the extremely oxygen-sensitive Faecalibacterium prausnitzii, a dominant species in the gut microbiota of healthy subjects (Sokol et al., 2008 (Sokol et al., , 2009 . In parallel, the pullulation, or overgrowth, of subdominant facultative anaerobes from the family Enterobacteriaceae, including E. coli, was observed (Darfeuille-Michaud et al., 2004; Baumgart et al., 2007; Kotlowski et al., 2007; Lupp et al., 2007) . Aerobes and unusual bacteria were also detected in the gut, the best example being Mycobacterium avium subspecies paratuberculosis (Naser et al., 2004) , an obligate aerobe. The main observations from unrelated individuals were similar to those from studies on pairs of twins, performed to avoid interindividual variation in the microbiotic composition and the influence of host genotype (Willing et al., 2009 , Lepage et al., 2011 .
In a study of a cohort of twins concordant or discordant for CD or UC, pyrosequencing was used to determine the compositions of bacterial communities in feces (Willing et al., 2010) . The gut microbiota of patients differed from those of healthy individuals, especially in CD involving the ileum compared with those involving the colon. Changes in patients with ileal CD included the disappearance of bacteria from the core microbiota, such as Faecalibacterium, and increased levels of Enterobacteriaceae and Ruminococcus gnavus. The compositions reported for individuals with UC were similar to those for healthy individuals. In another pyrosequencing study on a cohort of twins with UC, however, marked differences were observed and were characterized by less bacterial diversity and more Actinobacteria and Proteobacteria (Lepage et al., 2011) . The differences between the studies, although, may be due to sampling differences, as the patients were either in remission or had active disease. Nagalingam and Lynch (2012) have documented an extensive list of microbial modifications in IBD patients, and Mukhopadhya et al. (2012) have reviewed proteobacteria associated with IBD. Whether the observed modifications in the microbiota are a cause or a consequence of the development of IBD, although, remains a debate (Manichanh et al., 2012) .
Is dysbiosis a 'dysanaerobiosis'?
Intestinal dysbiosis generally shows a reduction in diversity and decrease of dominant obligate anaerobes in parallel with an increase of subdominant facultative anaerobes or the appearance of unusual aerobes. These features have surprisingly not been discussed in the context of specific gut physiology, particularly in relation to the normal conditions of anaerobiosis encountered by the bacteria in the distal intestine. The microbiological observations combined with the normal physiological conditions in the gut led to the hypothesis of a role for oxygen in the intestinal dysbiosis of IBD patients (Figure 1) . The increase of oxygen causing a disruption in anaerobiosis would confer an ecological selective advantage to facultative anaerobes or even to aerobes, allowing them to become more competitive and able to overgrow. Conversely, the obligate anaerobes sensitive to oxygen and harmed by its presence would be at a disadvantage. Interestingly, Mondot et al. (2011) noted that the microbiotas present during active CD are adapted to high Ehs, but these authors did not associate the shift to an increase of oxygen. Anaerobic Bacteroidetes are less often reported to be affected in the dysbiosis of IBD patients than is F. prausnitzii. Interestingly, some Bacteroides can grow in the presence of nanomolar concentrations of oxygen (Baughn and Malamy, 2004) . Survival in the presence of oxygen has even been used as a means of counterselection to isolate Bacteroides in fecal samples (Corthier et al., 1996) . The lower sensitivity of these bacteria to oxygen compared with extremely oxygen-sensitive bacteria (Faecalibacterium) would also support the hypothesis of a role for oxygen.
The biostructure of fecal microbiota in healthy subjects reported by Swidsinski et al. (2008) provides information on the in situ location of Enterobacteriaceae and F. prausnitzii in relation to oxygen availability. Enterobacteriaceae are observed at the interface between feces and mucus, close to epithelial cells, and are absent or in lower proportions in the feces. Bacteroides and Firmicutes, including F. prausnitzii, are observed at high concentrations in the feces inside the lumen but also occasionally at low concentrations in the mucus. Despite being extremely sensitive to oxygen, F. prausnitzii can be found adhering to the gut mucosa where oxygen diffuses from epithelial cells. To explain this paradox, Khan et al. (2012) recently reported that F. prausnitzii could grow in the presence of low levels of oxygen. They showed that F. prausnitzii employed an extracellular electron shuttle of flavins and thiols to transfer electrons to oxygen. Both flavins and thiols present in the healthy human gut, however, are needed to allow F. prausnitzii to survive in the presence of oxygen, which may not be the case in the injured tissue of IBD patients. Hartman et al. (2009) reported an oxygendependent shift in the gut, where the microbiotic composition was monitored after transplantation of the small bowel combined with an ileostomy. The gut bacterial communities shifted from obligate anaerobes to communities dominated by facultative anaerobes, and Enterobacteriaceae increased, as in the microbiota of IBD patients. After closure of the ileostomy, which was hypothesized as providing an entry for oxygen, the shift was reversed, and obligate anaerobes again dominated. The authors proposed that oxygen was the cause of the shift in bacterial communities from obligate to facultative anaerobes or aerobes. Although Enterobacteriaceae increased, inflammation was not observed in the majority of the patients. Of note, Lactobacillus also thrived, in contrast to IBD dysbiosis, where increases in lactobacilli have rarely been reported. Studies have shown that lactobacilli and their cell wall components have anti-inflammatory properties (for a review see Macho Fernandez et al. (2011) ), suggesting that a modulation or a supplementation of lactobacilli may limit inflammatory reactions in IBD patients.
In IBD, an increase in the concentration of oxygen could be caused by the entry of blood into the gastrointestinal tract often observed during chronic inflammation, provoking the release of hemoglobin carrying oxygen in the intestinal mucosa and lumen where the gut bacteria reside. A mouse model indicated that inflammation may cause the dysbiosis of the microbiota and promote the overgrowth Figure 1 The imbalance of the gut microbiota, or dysbiosis, in IBDs: a role for oxygen? Dysbiosis is observed in patients suffering from IBDs. Repeated observations indicate a decrease in obligate anaerobes (F. prausnitzii), an increase of facultative anaerobes (Enterobacteriaceae) and even the appearance of aerobes. Superimposed with the normal anaerobic gut physiology of the distal intestine, these observations support the hypothesis of a shift in bacterial communities caused by an increase of oxygen that changes the Eh in the gastrointestinal tract.
of Enterobacteriaceae (Lupp et al., 2007) . A pilot study evaluated the effect of anti-tumor necrosis factor-a antibody therapy in CD on the composition and activity of fecal microbiota, and reported a modest increase of Faecalibacterium (Van Nuenen, 2005) , suggesting that blocking the inflammatory response may promote this group. The changing oxygen conditions may also be due to the inflammatory reaction itself, causing an oxidative burst in the intestinal tissue, for example, by the release of reactive oxygen species by neutrophils. Interestingly, Zhu and Li (2012) recently reviewed the experimental and clinical evidence supporting oxidative stress as a component of IBD and as a proposed mechanism underlying the pathophysiology. Winter et al. (2010) elegantly showed that reactive oxygen species could react with endogenous luminal sulfuric compounds to form a respiratory electron acceptor that is used by Salmonella enterica serotype Typhimurium (an aerobic species and intestinal pathogen belonging to the Enterobacteriaceae), conferring a growth advantage to Salmonella over the competing gut microbiota of obligate anaerobes.
Perspectives and proposals to evaluate the oxygen hypothesis
Human clinical studies and animal models of intestinal inflammation have already provided a better understanding of the pathogenesis of IBD and could be used to evaluate the oxygen hypothesis. Animal models would enable an easier application of methods for tracing oxygen in the gut to monitor in vivo the variation of oxygen levels during inflammation. The noninvasive measurement of oxygen developed by He et al. (1999) would be preferred. Treatment with an oxygen sensor, such as Pd-porphyrin developed by Handa et al. (2010) , could also be used to quantify local oxygen tension with the intravital phosphorescence assay. These measurements of oxygen should be combined with the so-called '-omics' strategies targeting both host and gut bacteria to determine how the potential increase of oxygen impacts the interaction between host and bacteria. The critical step will be to select animal models with an anaerobic intestinal physiology most similar to the conditions in humans. In human clinical studies, similar approaches could be applied combining in vivo measurements of the effects of oxygen on host and bacteria. Longitudinal studies with individuals acting as their own controls at different stages of the disease (in remission or with active disease) are suggested. To overcome variation in host genotypes and composition of microbiota, studies with pairs of twins should also be considered. The characterization of dysbiosis and the measurement of oxygen could be combined to determine the dysbiotic differences between ileal and colonic CD and UC. The data from such studies would provide a better understanding of why alterations in the microbiota are different between UC and CD. They would also allow us to determine whether oxygen is present only in the small intestine, where inflammation occurs, or along the gastrointestinal tract affected in ileal CD, where dysbiosis occurs from the small intestine to the rectum.
If a role for oxygen is established in dysbiosis, the modulation of oxygen levels in the colons of IBD patients could open new areas of research and means of proposing new preventative or therapeutic strategies for the well-being of IBD patients, providing alternative treatments when current treatments are ineffective. An attractive strategy will be to counterbalance the dysbiosis by limiting the oxygen in the distal part of the gastrointestinal tract. Oral supplements of pharmacological agents, such as antioxidants, or of probiotic microorganisms selected for their ability to capture or consume oxygen could prove to be effective.
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